Introduction
The fast expansion of available remote sensing data from air-and spaceborne platforms has increased the demand for high quality reference data measured at ground level. This is especially the case in remote sensing of boreal forests in which the strong seasonality of vegetation changes not only the amount of leaf area of trees but also the composition of understory plants, introducing periodic variation to the forest structure, and thus to reflectance (Miller et al. 1997; Nilson et al. 2008; Hallik et al. 2009; Kuusinen et al. 2012) . Reference data in the form of reflectance spectra of understory vegetation (i.e., forest floor and shrub layer plants) can be measured by utilizing spectrometers in laboratory or in field conditions. In order to obtain information on how the seasonality of spectra is linked to prevailing phenological stages of leaf-growing, flowering, berrying, and senescence, the measurements need to be made over the entire growing season.
Boreal understory has been previously shown to have a significant contribution to the overall spectra of both coniferous and deciduous forests of different structures Eriksson et al. 2006; Rautiainen et al. 2007; Rautiainen and Lukeš 2015) . Including its contribution in reflectance models for predicting forest variables, such as the leaf area index (LAI) from satellite imagery, is important for ensuring representativeness of the results (Eriksson et al. 2006 ). Due to the laborious nature of collecting reference spectra by field measurements for large forest areas, promising results have been reported of algorithms that would enable direct retrieval of understory reflectance from multiangular airborne and satellite measurements (Pisek et al. 2010 (Pisek et al. , 2016 . However, in-situ remote sensing measurements remain the most reliable method if spectral characterization is desired for specific understory species or a composition of species.
Two common berry-bearing dwarf shrub species in boreal forests are lingonberry (Vaccinium vitis-idaea L.) and European blueberry (Vaccinium myrtillus L.). Lingonberry and blueberry have a wide distribution in forests of Nordic countries (Finland, Sweden, Norway), supporting both the popular recreational activity of berry picking, as well as exploitation of the yield by commercial operators (Lindhagen and Hörnsten 2000; Turtiainen et al. 2011 ). Berries of these species are highly valued for their known health benefits (Puupponen-Pimiä et al. 2005) . For example, in Finland, of the estimated annual yields of lingonberries (257 million kg) and blueberries (183 million kg), only 5% to 10% are currently capitalized (Turtiainen et al. 2007) . Remote sensing could provide means to increase the exploitation of wild berries by providing information on good berry picking areas in the forests through e.g. large scale mapping of flowering populations.
Lingonberry and blueberry reflectance spectra have also previously been investigated during peak growing season (Kuusk et al. 2004; Peltoniemi et al. 2005) but only a couple of studies have collected spectral field measurements over the entire growing season (Rautiainen et al. 2011; Nikopensius et al. 2015) . Data on the reflectance anisotropy, i.e., multiangular reflectance features, of lingonberry and blueberry are also available for a small set of samples (Peltoniemi et al. 2005) . The preceding studies have shown that the seasonality on boreal forest understory spectra is generally strong but also highly diverse between forest types which have different plant compositions.
As of today, we are not aware of any study done on forest understory species in which the seasonality of reflectance spectra would have been linked to distinct phenological stages by applying multiangular observations. Moreover, distinct reflectance spectra of berries and flowers of lingonberry and blueberry species are not currently available. Possibly the closest resembling blue-colored shrub berries previously measured for spectral reflectance are different blueberry cultivars grown commercially in the United States (Leiva-Valenzuela et al. 2012 , 2013 Jiang et al. 2016) .
We present the first empirical evidence of the seasonal dynamics of spectra of lingonberry and blueberry in visible to short-wave infrared spectral regions. The spectral data were obtained as multiangular spectral bidirectional reflectance factors (BRFs) using Finnish Geospatial Research Institute's FIGIFIGO field goniometer (Peltoniemi et al. 2014) . All measurements were made in radiometrically stable and controlled laboratory conditions in order to relate the changes in the spectra to shrub structure and to the optical properties of leaves, flowers and berries.
Our study addressed the following research questions: (1) What are the differences of lingonberry and blueberry spectra? (2) What are the seasonal changes of lingonberry and blueberry spectra? (3) Are flowers and berries detectable from shrub spectra using (i) conventional nadir measurements or (ii) sophisticated multiangular measurements? 2 Material and methods
Study area
The study area was located in Masala, Kirkkonummi, Finland (60°09´N, 24°32´E), on the current premises of Finnish Geospatial Research Institute (FGI). The vegetation in the area grew on partially exposed and elevated bedrock, within a sparse forest dominated by Scots pines (Pinus sylvestris L.). The high canopy openness allowed light to reach the forest floor which supported the growth of locally extensive dwarf shrub populations. The understory vegetation in the area consisted mostly of dwarf shrubs, mosses, lichen, and grasses.
Description of species
Lingonberry (also known as cowberry) is a common broad-leaved evergreen dwarf shrub species found in xeric and sub-xeric boreal forests. Being an evergreen species, it keeps its thick and waxy leaves during the winter months. Normal height of the shrubs varies between 5 and 30 cm. The leaves of lingonberry are oval shaped, 8 to 30 mm long, and curled downwards at the edges, while the white colored flowers are bell-shaped. The fruits of lingonberry are glossy red berries with thick skin. European blueberry (also known as bilberry) is also a common dwarf shrub species found in sub-xeric and mesic boreal forests. Unlike lingonberry, blueberry goes through annual senescence in the autumn and drops its leaves for the winter. Blueberry shrubs grow typically 15 to 50 cm tall. Leaves of blueberry are approximately the same length as lingonberry leaves but thinner, saw-edged, and wider near the base. Blueberry flowers are round and reddish, while the berries are indigo color with a noticeable powder-like waxy layer covering the berry skin. Berries of both species are between 5 to 8 mm in diameter.
Samples
We obtained the shrub samples from three different subplots in the study area, less than 70 m distance from each other. Two of the subplots were populated by lingonberry and one by blueberry. The primary data were spectral BRFs, measured in multiangular measurement geometry. Altogether 20 dwarf shrub samples were measured during the growing season of 2017 (between day of year (DOY) 144 and 272). The samples represented four different phenological stages: leaves-on, flowering, berrying, and senescence. Here leaves-on stage refers to shrub samples with fully developed leaves, flowering-and berrying stages to shrubs with either flowers or berries, and senescence stage to the samples with visible signs of seasonal aging.
Shrub samples were chosen based on visual observations of the dominant species, phenological stage, and structural applicability for the measurement setup. A shovel was used to dig the samples from the ground and a plastic sled was used to transport them to the FGI's spectral laboratory located at close proximity to the study site. Care was taken to preserve the natural structure of the shrubs during transportation and when moving them on to a dark plywood sample holder. On average a 13.5 cm thick rooted layer of soil was included in all samples. The planar dimensions of an average size sample were 0.7 × 0.6 m.
Spectra for each sample were measured two or three times in the following way. The first measurements were made for intact samples which had been brought in from the forest, i.e., the sample included dwarf shrubs and forest floor vegetation. Next, in the case of shrubs with flowers and berries, the second spectral measurements were made after carefully removing all the flowers or berries from the shrubs, so that the dwarf shrubs had only leaves. Finally, for all samples, the last measurements were performed so that the dwarf shrubs were completely removed, and only the forest floor (mosses, litter) was left in the sample (Fig. 1 ). In this way, we were able to evaluate the influence of different components on the spectrum of a dwarf shrub sample.
To obtain pure spectra of flowers and berries, we also measured BRFs of 30 mm tall cylindrical stacks of these products (each containing approximately 2 liters of berries or flowers). Lingonberry flowers were measured on DOY 165, berries of blueberry (referred to as blueberries) on DOY 230, and berries of lingonberry (referred to as lingonberries) on DOY 258. Both the flowers and the berries were hand-picked before measurements to minimize structural deformations and to ensure fresh samples.
Ancillary measurements of leaf spectral reflectance were made at peak growing season (on DOY 226) at the spectral laboratory of Aalto University. The number of leaf samples measured for adaxial (upper) side reflectance was 27 per species. The leaves were collected from a forest next to the university campus (60°11´N, 24°49´E).
Spectral measurements
Multiangular spectral measurements are laborious, and currently, there are very few research facilities in the entire world capable of performing them. In this study, the spectral BRF data were collected using FGI's FIGIFIGO (Finnish Geodetic Institute Field Goniospectrometer) spectral instrument in laboratory setup (Suomalainen et al. 2009 ). FIGIFIGO enables multidirectional meas- urements of the reflected light from the sample into different view angles in the upper hemisphere ( Fig. 2 ). We used FieldSpec Pro FR spectrometer by ASD (Analytical Spectral Devices, Inc.) as the radiometric sensor of the system to collect the spectra from visible and near infrared (NIR) to short-wave infrared (SWIR) spectral regions (350 to 2500 nm). The full-width-half-maximum (FWHM) spectral resolution of the spectrometer in visible and NIR was 3 nm and in SWIR 10 nm. The angular field-of-view (FOV) of the sensor was limited to 3° by using depolarizing fore-optics in front of the spectrometer bare fiber. The resulting diameter of the sensor footprint was 9 cm at the pivot of the goniometer (i.e. at the coordinate system origo). FIGIFIGO is designed to automatically measure spectra while sensor optics move continuously in zenith direction. Thus, given the integration time of 136 ms, and the movement speed of the sensor optics (4.7° / second), the reported BRFs were measured always within 1° zenith arc. Further, due to data transfer constrains, measurements were done at 4 to 5 degree intervals.
The BRF were measured in the principal plane (i.e. light source, sample and sensor optics aligned) with changing zenith angles between maximum +-35°. The between-sampling step size in zenith was 4° with deviation from nadir being always less than 3°. The response in nadir view direction was further measured in 13 different azimuthal orientations of the sensor (15° increments between 0° and 180°) with the attempt to reduce the spatial distribution error of the sensor when coupled with spatially heterogenic sample (Suomalainen et al. 2009 ). The samples were illuminated from +40° zenith angle direction using a 1000 W tungsten-halogen lamp (Osram) and a stabilized power supply (Newport Oriel) with well collimated beam geometry. The glass surface of the lamp was sanded before the measurements to create a matte surface to reduce the effect of filament shadowing.
The reference spectra needed for calculating target BRF were collected always at the beginning and at the end of each set of measurements from nadir view direction. Temporal interpolation was later applied to generate a unique reference value to be applied for each sample spectra. As a reference panel, we used a 25 × 25 cm (10 × 10 inches) 99% Spectralon® panel which was carefully levelled using a bubble level. The panel surface covered fully the goniometer sensor footprint. The dwarf shrub BRF measurements were carried out between 10 AM and 2 PM, and were initiated on average 15 minutes after digging and transporting the sample to the laboratory. The measurements took on average 30 minutes.
Leaf reflectance measurements were made using a SpectroClip-TR spectral probe by Ocean Optics, coupled with a 20 W artificial light source (HL-2000-HP-FHSA). The probe utilizes a double-integrating sphere design for non-destructive directional-hemispherical reflectance and transmittance measurements from the same 6 mm diameter spot on the leaf. As the sensor of SpectroClip-TR we used FieldSpec4 Standard-Res spectrometer by ASD in wavelength range from 350 to 2500 nm. The measured spots (one for each leaf) represented the minimum observed spatial variations in the leaf surface and thus e.g. large veins were avoided. An average of 15 spectra was saved for each spot. A white reference reading was collected always after three consecutive leaf samples using a 5 cm diameter (2 inches) round 99% Spectralon® panel. To minimize the effects of physiological changes on the spectra caused by detachment, the leaves were measured within minutes after removal from the shrubs. The shrubs were kept with full roots with moist soil inside a plastic container placed in a pre-cooled refrigerator (5 °C). The measurements were conducted for visually healthy green leaf samples.
Both the BRF and leaf reflectance measurements were made in controlled laboratory conditions. By excluding the effect of environmental variables, e.g. variation in solar angle between measurement times, we were able to trace the between-samples variations in the shrub spectra to the variations in the shrub canopy structure and to the optical properties of the leaves.
Spectral reflectance calculation
Spectral data were collected with FIGIFIGO through a custom controlling software (GonioControl 4) which stored all the raw data in a structured HDF5 (Hierarchical Data Format) data format. The BRFs were then calculated from the raw data using FGI Reflectance Toolbox 1.1 for Matlab which enabled (i) subtraction of dark current, (ii) running a linear interpolation of the measured white reference for each time of the sample radiance measurement, (iii) loading and applying spectral and illumination zenith angle correction factors for the non-ideal Lambertian surface of the Spectralon®, and (iv) finally calculating the BRFs. The BRFs were calculated in each viewing direction by applying the equation: 
where DN sample,meas and DN WR,meas are the sensor readings from the sample and from the white reference panel (given as digital numbers with dark current already removed), symbols θ i , ϕ i , θ r , ϕ r , λ the directional (θ is zenith and ϕ is azimuth) and spectral (λ) variables defining the illumination (i) and viewing (r) directions, and R WR the correction term to compensate for the non-ideal reflectance properties of the reference panel. The correction term is needed because the reflectance factor is defined as the ratio of radiant flux from a sample surface (in a given view direction) to that from a perfectly diffuse (i.e. Lambertian) and lossless reference surface, both illuminated by a single directional light source (Nicodemus et al. 1977; Schaepman-Strub et al. 2006) . To obtain spectral reflectance from SpectroClip-TR measurements, we applied a measurement protocol from previous work by Hovi et al. (2018) , and further the theoretical algorithms developed by Mõttus et al. (2017) . The leaf reflectance (and transmittance, not shown) was calculated from several individual spectral readings of white reference, dark current, stray light, empty sphere reflectance and transmittance, and leaf response to incident light. Due to the given illumination and sensor geometry, the derived reflectance quantity is defined as directional-hemispherical reflectance (DHR) (Schaepman-Strub et al. 2006) . As with the BRFs, the non-ideality of the Spectralon® material was corrected in the calculations.
Finally, in the results we will use FWHM to characterize the extent of spectral effects flowers and berries have on shrub spectra. We applied Savitzky-Golay filtering (2nd order, 31 nm spectral window) to all spectral data to smooth out spectral noise and to improve the signal-to-noise ratio.
Data analyses
The collected data were examined for characteristic spectral reflectance dynamics of blueberry and lingonberry in the principal plane ( Fig. 3 ). We first present the seasonal variations on shrub canopy broadband BRFs at six spectral bands, centered in wavelengths 496.6 nm (blue), 560.0 nm (green), 664.5 nm (red), 703.9 nm (red-edge), 835.1 nm (NIR), and 1613.7 nm (SWIR). The selected spectral bands represent those of a new European satellite sensor, Sentinel-2A MSI. Sentinel-2 MSI provides temporally continuous surface reflectance data in spectral regions commonly utilized in mapping of land covers and in environmental studies. The broadband BRFs were calculated using the spectral response functions (S2-SRF 3.0) of the satellite sensor to relate the output metrics to those of a widely used spaceborne instrument. Furthermore, standard deviations were calculated to indicate differences of spatial heterogeneity between samples.
The interspecies differences in seasonal dynamics of the shrubs are further demonstrated by one broadband and two narrowband spectral vegetation indices (VIs), and with red-edge inflection point (REIP2), all commonly used in remote sensing of forests (Table 1 ). In general, VIs have been designed to link spectral observations to phenomena in plant physiology and canopy structure. The chosen VIs are (i) normalized difference vegetation index (NDVI), for enhancing the changes of the spectral contrast in red and NIR wavelength, (ii) moisture stress index (MSI), for detecting water stress conditions of the shrub canopy through evaluation ratio of SWIR and NIR, and (iii) plant senescence reflectance index (PSRI), to detect chlorophyll degradation which effecting red and blue wavelengths unevenly. REIP2 provides an additional method for detecting changes in the chlorophyll content of leaves through evaluation of the spectral shift of the slope between red and NIR domains. The inflection point is calculated from BRFs in red, red-edge, and NIR wavelengths. NDVI was calculated using the broadband spectra (corresponding to Sentinel-2 sensor bands), and MSI, PSRI and REIP2 using the original hyperspectral resolution.
The effects of berries and flowers on the shrubs' spectral responses, on the other hand, were examined in hyperspectral resolution over the limited solar radiation range of 400 to 2400 nm. The noisy ends of the measured spectrum (350 to 2500 nm) were cut from the analysis to improve data interpretation.
The view angle dependencies of shrub BRFs includes evaluation of lingonberry with and without berries and flowers, and blueberry with and without berries. Samples with the highest number of flowers and berries were chosen for the analysis. Further, linear interpolation was applied to the data in the analysis of the effect of flowers and berries to match the angular positions between measurements.
Results
We begin by presenting a time-series of lingonberry and blueberry spectra, measured from the conventional nadir view, and show the effects of berries and flowers. We then provide spectra of several contributing elements (leaves, flowers, berries, and forest floor material) and argue the usefulness of the selected VIs for further highlighting the seasonal effects. Lastly, we analyse the measured multiangular data and provide evidence of the visibility of flowers and berries from different view angles.
The season influenced the spectra of both lingonberry and blueberry shrubs (Fig. 4 ). Interspecies differences were expected to arise mainly from differing phenological cycles of evergreen lingonberry and deciduous blueberry. In general, both species displayed typical spectral responses for healthy green vegetation with a sharp contrast between red (664.5 nm) and NIR (835.1 nm).
Lingonberry samples with flowers (DOYs 173 and 178) were 60% brighter than samples without flowers in the photosynthetically active wavelengths blue (496.6 nm), green (560.0 nm), red, and red-edge (703.9 nm), while in NIR and SWIR (1613.7 nm) the change due to flowering was less notable (Fig. 4) . On the other hand, lingonberry samples with the largest amount of berries (DOYs 251 and 256) showed a distinct brightening particularly in red, while less so elsewhere in the visible domain. Spectral BRFs of two lingonberry shrub samples differed considerably from the others (DOYs 160 and 254) . The former represented a shadowed canopy without flowers or berries, and the latter a dense canopy with small amount of berries hidden underneath.
The seasonality of the blueberry spectra was most prominent when comparing samples of early growing season (DOYs 144 and 152) and senescence (DOY 272) to samples with fully grown leaves (DOYs 164 to 237) ( Fig. 4) . From late May to mid June, red BRF dropped more than 60% while NIR increased 65%. As the season progressed, red BRF began to climb. In NIR, BRFs of blueberry shrubs showed relatively low seasonality when in full leaf cover and high seasonality when in senescence. Between summer and autumn, blueberry BRF in NIR dropped 40%.
The effects of berries and flowers on the spectral signatures of lingonberry and blueberry shrubs are presented next in full wavelength resolution (Fig. 5 ). The contribution of flowers and berries of lingonberry was most notable in blue (450 nm) and red (650 nm) wavelength regions, while the effect of blueberries on the shrub spectra was less evident. In blue region, from 414 to 512 nm (FWHM 84 nm), the sample with flowers measured more than one and half times the BRF of the same shrub without flowers. Similarly, in the spectral region between red and red-edge, from 619 and 693 nm (FWHM 54 nm), the increase of brightness was nearly 50%. Additionally, in SWIR domain the presence of lingonberry flowers induced a notable increase of the shrub BRFs in the water absorption peaks of 1375 to 1550 nm (FWHM 108 nm), and 1870 to 2080 nm (FWHM 120 nm). Similarly as with the flowers, the removal of lingonberries changed the shrub's spectral response (Fig. 5 ). In blue, red, and red-edge, the sample with berries measured 40% higher BRF between 432 and 444 nm (FWHM 7 nm), and between 609 and 740 nm (FWHM 44 nm). The most prominent spectral effect was observed in red wavelength of 681 nm where the measured BRF was three times that of the sample without berries. With blueberry, the effect of berries was less prominent, though a subtle increases of BRF were noted in the visible region between 540 and 704 nm (FWHM 89 nm), and in SWIR region between 1310 and 1700 nm (FWHM 160 nm). The forest floors of lingonberry and blueberry had similar spectra. They differed mainly at the red-edge where the more grasseous plants occupying the forest floor of blueberry increased the spectral contrast between red and NIR domain BRFs.
The influence of phenological stages of flowering and berrying on lingonberry and blueberry shrub spectra was further analysed by comparing the responses of individual scattering components, namely spectra of flowers and berries to that of leaves (Fig. 6 ). In the visible spectral region (400 to 700 nm), flowers of lingonberry produced nearly four times the BRF of that of leaves, while in NIR (700 to 1140 nm) the difference was less notable. The largest relative difference was in red wavelength of 665 nm, where the lingonberry flowers were more than five times brighter than leaves. In the SWIR domain, between 1140 to 2400 nm, flowers were darker than leaves. Additionally, lingonberry flowers had a strongly increasing BRF starting at approximately the same spectral location as the red-edge (704 nm) of its leaves.
Lingonberries were brighter than lingonberry leaves from red to NIR (590 to 944 nm), and darker in SWIR (>1113 nm) ( Fig. 6 ). Unlike flowers, lingonberries were darker in wavelengths shorter than 593 nm, meaning regions of blue and green wavelengths. The berry spectra differed most notably in red, around 681 nm, where berries were eight times as bright as leaves.
Blueberries were spectrally darker than leaves over the entire measured spectral range, with the exception of modest brightening around NIR and SWIR wavelengths 913 nm and 1073 nm, respectively (Fig. 6) . In red and red-edge domains, where lingonberries were noted earlier to have produced the largest relative BRFs, blueberries produced the smallest relative BRFs, less than 50% of that measured of leaves. Based on the results of the influence of phenology on different regions of nadir shrub spectra, three vegetation indices along with an analysis of red edge location are presented to emphasize the seasonal variations (Fig. 7) . All selected indices and REIP2 showed characteristic and speciesspecific sensitivity to leaf growing, flowering, berrying, and senescence. We begin from NDVI which for both species stayed always above 0.69 units in the -1 to +1 index range. Blueberry NDVI had a trend which increased towards the middle of the growing season and then declined towards the autumn. The first notable change in blueberry was between late May (DOY 144) and mid June (DOY 164) in which NDVI increased 0.23 units. During July and August, blueberry NDVI stayed relatively steady (maximum change of 0.05 units) and high. Between late August (DOY 237) and late September (DOY 272), the latter sample representing senescence stage, blueberry NDVI decreased 0.13 units. Lingonberry NDVI stayed between 0.8 and 0.9 units throughout the season. Lingonberry shrubs in the flowering stage (DOYs 173 and 178) displayed lower NDVI compared to samples without flowers or berries (DOYs 158, 192, and 247) . Similarly, lingonberry samples with berries decreased the NDVI. The seasonal changes in the water content of the shrubs were tracked by MSI (Fig. 7) . Larger MSI indicates less moisture. Similarly to NDVI, blueberry MSI showed most notable changes during temporal transitions: from May to June the index decreased 0.23 units and from August and September the index increased 0.18 units. While blueberry MSI was always between 0.43 and 0.84 units, lingonberry was between 0.27 and 0.45 units. Overall, MSI was more sensitive to phenological changes of blueberry than those of lingonberry. The effect of lingonberries on the index were left ambiguous. Interspecies difference in MSI increased towards autumn.
PSRI is a narrow band index developed especially for detecting plant senescence in green vegetation spectra. The most notable change in PSRI was between blueberry samples measured between May and June (Fig. 7) . There the index dropped 0.11 units. During summer, blueberry PSRI was relatively stable before increasing again in senescence. The seasonal variations of lingonberry PSRI were temporally linked to the phenological stage of berrying in which the index showed strong increase.
The temporal trend of REIP2 for blueberry resembled a downward opening parabola, moving towards longer wavelengths after May (718 nm), peaking at July (721 nm), and decreasing again to its lowest index in late September (715 nm) ( Fig. 7) . Lingonberry REIP2 was always between 718 nm and 721 nm. Although lacking a clear seasonal trend, REIP2 of lingonberry shrub samples that contained either lingonberry flowers or lingonberries were noted to have shifted towards shorter wavelengths.
The presence of lingonberry flowers and berries was noted in the multiangular spectral data (Fig. 8) . The effect of flowers on the lingonberry shrub BRF was especially prominent in the photosynthetically active blue (496.6 nm) and red (664.5 nm) spectral regions for small forward view zenith angles (away from the light source), while berries of lingonberry increased the BRF most clearly in red, around nadir view direction. In other spectral domains the relative changes of BRF induced by lingonberry flowers or berries were smaller. In contrast to the effect of lingonberry flowers and berries, the appearance of the blueberry shrub was not affected by the presence of berries regardless of the applied view direction. The largest absolute differences of lingonberry BRFs with and without flowers were in red (0.025 units) and in blue (0.017 units) from -17° view zenith angle. Similarly, the largest absolute difference between lingonberry with and without berries was 0.014 units in red for nadir direction. In general, the angular BRF distributions of both species were considered characteristic for vegetation canopies with light scattered strongly backward (towards illumination) and forward. NIR (835.1 nm) domain stood out by having the highest BRFs in spectra of both species and by undergoing the largest changes (in absolute terms) as view direction was altered.
Discussion
Understory shrub structures introduce unique and complex scattering environments for the incident light. We have provided the first empirical evidence on the seasonality of lingonberry and blueberry spectra in a single illumination direction and shown how changing the view angle affects the reflectance factor. By making the measurements in stable laboratory conditions, we have linked the temporal variations in the spectra to the prevailing spectral characteristics of the phenological stage of each measurement. We will next discuss all the presented results.
The spectral reflectance factors of both species were strongly influenced by the occurrences of different phenological stages. The largest changes in the lingonberry spectra were noticed during flowering and berrying. Given a sufficient spatial coverage of either flowers of lingonberry or lingonberries among the leaf cover (i.e. substitution of the visible green leaf material from the given view direction), the spectral BRFs of the shrubs changed. The whitish lingonberry flowers were noted to increase the BRF response in the entire visible domain while the glossy red and moist lingonberries brightened the BRF in red but darkened in NIR and SWIR domains. We speculate that the placement of the berries on top of the shrub structure influenced how they were detected in the spectral data: if the berries were under leaf cover, their effect on the overall spectra was ambiguous and minor.
The seasonality of blueberry spectra was most evident when comparing BRFs in red and NIR domains during transitions between spring, summer, and autumn. Blueberry goes through leaf development in spring, during which the spectrally low red-NIR contrast forest floor litter gets rapidly covered by the green, spectrally high red-NIR contrast leaf material. In autumn, blueberry shrubs go into senescence, a phenological stage of leaf degradation, during which the plant retrieves nutrients (including chlorophyll) from its leaves as it prepares for winter dormancy. For tree leaves, decrease in spectral contrast between red and NIR domains has been observed from summer to autumn . The effect of senescence on the shrub spectra is further amplified by leaf drop which potentially exposes more of the underlying forest floor litter to the sensor. The effects Fig. 8 . Multiangular spectra of lingonberry (left and centre panels) and blueberry (right most panels) in six spectral bands corresponding to Sentinel-2 MSI sensor. View angle dependence within -35° and +35° zenith angles of BRF is shown for samples with flowers or berries (first row panels), for samples without flowers or berries (second row panels), and for the corresponding ratios (third row panels). Illumination at view zenith angle +40°.
of blueberry flowers and blueberries on the shrub spectra were not clear in the dataset (due to low number of flowers/berries present in the shrubs in the study area). Blueberry leaves were found more translucent of the two species over the measured spectral range (data not shown) and thus, were considered the main promotors of multiple scattering, explaining the observed low BRF in visible domain during full leaf cover. These results are similar to recently reported seasonal trends for tree leaf spectra showing rapid changes in their optical properties during leaf development in spring, which then revert in senescence (Mõttus et al. 2014; Hovi et al. 2017) .
Both species showed typical spectral characteristics of green vegetation with strong absorption in red and high reflectance in NIR domains. At leaf level, these characteristics arise from (i) the presence of photosynthetically active chlorophyll pigments in the leaves, responsible for the strong energy absorption in visible domain, (ii) leaf thickness and the internal cell structure of leaves, promoting internal scattering and thus high NIR domain reflectance, (iii) water content, and (iv) waxiness of the leaf surface and its relative orientation to the incident light (Gates et al. 1965; Gausman et al. 1973) . At canopy level, the spatial distribution and the amount of dominant scattering elements (i.e. leaves) within the 3D structure affect the strength of multiple scattering between leaves, branches, stems, and underlying material (Peltoniemi et al. 2005) . There are some evidence that plant canopies made up of green leaves have larger relative spectral contrast in visible and NIR domains than that of individual leaves (Williams 1991; Rautiainen et al. 2018; Wang et al. 2018) .
The vegetation indices (NDVI, MSI, and PSRI) and red-edge inflection point (REIP2) were all sensitive to plant phenology. The upward opening parabolic seasonal trend of blueberry NDVI indicated sprouting of leaves over the spectrally low contrast forest floor litter in early June, high leaf coverage over the summer, and degradation of chlorophyll in autumn. With lingonberry the most notable temporal variations of NDVI were observed during flowering and berrying stages as a result of strongly increased red BRF compared to relatively unaffected NIR domain BRF. MSI of lingonberry had only low seasonal sensitivity, while with blueberry the variations were notably connected to the transitions between phenological stages. The expansion of green blueberry leaf mass increased the moisture content above ground which, in turn, lowered the BRF ratio of SWIR and NIR domains. As expected, PSRI showed active response to relative changes of BRF in blue, red, and red-edge domains during leaf growing and senescence of blueberry. Also, similarly to the original observations by Merzlyak et al. (1999) on PSRI, the index was noted to ramp up with the presence of lingonberries in the shrubs. This happens because the red lingonberries induce a large increase of BRF in red compared to blue wavelength, a similar spectral contrasting observed with green leaves during senescence . Finally, similarly to the three indices, REIP2 was highly sensitive to the seasonality of blueberry spectra, indicated by the temporal trend of a downward opening parabola. The red-edge location of blueberry BRF moved into longer wavelengths as the growing season advanced from spring (714 nm) to mid-summer (718 nm), after which REIP2 shifted again to shorter wavelengths towards autumn (710 nm). This is typical for deciduous green leaf vegetation where the seasonal changes of the chlorophyll content are strong (Moss and Rock 1991; Rautiainen et al. 2011; Nikopensius et al. 2015) . For lingonberry, rather than responding to changes in the chemical composition of leaves, REIP2 was affected by the phenological stages of flowering and berrying, during which the red-edge shifted into shorter wavelengths.
Both lingonberry and blueberry shrubs showed strong anisotropy of reflectance in the principal plane by scattering the incident energy strongly backward and forward. This is typical for vegetation canopies under directional illumination, regardless of the scale (Sandmeier and Itten 1999; Peltoniemi et al. 2005; Rautiainen et al. 2007; Verrelst et al. 2008; Mõttus et al. 2012 ). The largest spectral BRFs for both species were observed when viewed near the direction of the illumination (i.e. hotspot) with lingonberry BRFs being slightly larger of the two. Tilting the sensor from nadir towards the hotspot affected strongly BRFs in blue, red, red-edge, and SWIR domains. In general, the backward scattering arises from structural properties of self-shadowing (minimum amount of shadows) and decreased canopy gap fraction at view angles deviating from nadir, and from coherent effect of electromagnetic waves (Hapke et al. 1996) . It should also be noted that BRF measurements exactly from the direction of illumination are generally not possible due to sensor self-shadowing. The so-called dark spots, meaning the viewing directions of lowest spectral BRFs, were located between -15° and -25° forward. Dark spot occurs due to increased backshadowing effect in which the leaves shadow the rest of the structure (Sandmeier and Itten 1999) . As the sensor was tilted even further forward towards the opposite of illumination direction (beyond -25°), the specular reflection dominated the anisotropy of reflectance. With reduced gap fraction, the more horizontally oriented glossy leaves of lingonberry were noted to result an especially strong specular effects in the forward direction (Ross and Marshak 1989) .
The most applicable viewing angles for detecting the contribution of lingonberry flowers were those of slightly forward tilting in blue and red wavelength regions. The contributions of lingonberries on the shrub spectra, on the other hand, were most notable while viewing the shrubs from near-nadir angles and in the red wavelength region. In general, we assume that the amount of shadowed areas contributed the largest on the observed spectral variation when the viewing angle was changed. Having applied a clearly off-nadir illumination zenith angle (+40°), the strong backshadowing effect of the dense 3D shrub structure causes increasing shading of materials in the underlying vertical layers, including the forest floor litter (Kimes 1983) . This results the visible proportions of illuminated and shaded canopy elements to depend on the view zenith angle.
Our results show similar trends of seasonal dwarf shrub spectra as previously conducted studies on understory reflectance characteristics by Rautiainen et al. (2011) and Nikopensius et al. (2015) . Both studies aimed to differentiate forest fertility types (Cajander 1926) by the seasonality of their understory reflectance spectra. Rautiainen et al. (2011) suggested the peak of the growing season (early July) as the optimal time for discriminating forest types by their spectra. In this study, however, we showed that the characteristics of lingonberry and blueberry spectra differed mostly during spring, i.e., the leaf growing period of blueberry, and during stages of lingonberry flowering (mid-summer) and berrying (August to September). Another comparison of spectra can be made to those reported by Peltoniemi et al. (2005) , who used the same instrument (FIGIFIGO) in field conditions for determining the spectra of several boreal understory species, including two samples of lingonberry and two samples of blueberry. Both the nadir and multiangular observations of that study are in line with our results. Yet, it should be mentioned that (i) all previous studies were conducted in varying illumination conditions, (ii) the spectrometer models were different, and (iii), when measuring BRF of surfaces with large natural spatial heterogeneity, spectral variation are unavoidably present in the data. Since we applied a previously introduced and validated measurement setup for the instrument, we encourage the reader to turn to a previous study by Suomalainen et al. (2009) , where error sources are described in detail. Differing from the latest development stage of FIGIFIGO, we made the measurements with the fine tune mirror at a fixed angle (Hakala 2009 ). This induced small variation in the centre location of the sensor FOV as the sensor was tilted in zenith direction.
We scheduled our measurements to include several shrub samples at different phenological stages to maximize the spectral variability between the dominant species. All samples were collected from the same forest at close proximity to each other and the laboratory, to ensure similar growing conditions throughout the growing season as well as intact and moist samples. In the measurements, we avoided large gaps in the shrub canopies, while keeping in mind the natural structural heterogeneity. We also applied averaging of the nadir spectra after sensor rotation. However, we recognize that the approximation of the seasonal trends would improve by (i) collecting a larger number of samples from more than one forest and location, and (ii) by measuring physically larger samples that would enable several measurement spots per sample. Also, more detailed information on how the seasonality of shrub spectra is affected by the diversity of forest structure, namely different levels of canopy openness, understory composition, and soil properties, along with quantification of the effect of flowers and berries, would add to the value of future datasets.
The strong seasonality of spectra of both shrub species, as shown in this pilot study, promotes the development of new shrub mapping applications. We suggest that multitemporal, remotely sensed ground reference reflectance data, matched to the occurrences of specific phenological stages, especially in red and NIR domains, will improve the identification of common dwarf shrub species. The data can serve as training data for land cover classification applications of high spatial resolution imaging spectroscopy technologies, namely UAVs (unmanned aerial vehicles), as well as future airborne and spaceborne systems. Although multiangular data provided only small increased value over the traditional nadir view data when detecting plant phenological stages, the collected data are important input also for future boreal forest reflectance models needed in physically-based interpretation of e.g., optical satellite images, or for simulating albedo and productivity of entire forest ecosystems, not only tree layers.
Presented spectral data are openly available through SPECCHIO Spectral Information System (Hueni et al. 2009 ) at https://specchio.ch/ under campaign name lingonberry and blueberry spectra.
